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Cancer prevention by dietary phytochemicals has been shown 
to In,'olve decreased cell proljfer,ttion and cell cycle arrest. How. 
eH~r, there is limited understanding of the mechanisms inmh·ed. 
Previously, we ha'-e shown that a wmmon effect of phytochemi. 
cals in,'estigated is to oxidize the intracellular glutathione (GSH) 
pool. Therefore, the objecti"e of this study was to evaluate whether 
changes in the glutathione redox potential in response to dietary 
phytochemicals was related to their induction of cell cycle arrest. 
Human colon cllrcinoma (HT29) cells were treated with benzyl 
isothiocynnllte (UIT) (HIT), diallyl disulfide (DADS), dimethyl fu· 
m&rllte (DMF),lycopene (LYC) (LYC), sodium butyrate (NaB) or 
bulhione sulfoxamine (BSO, a GSH synthesis inhibitor) at con-
centra tions shown to cause oxidation of the GSH: glu tathione 
disulfide pool. A decrease in cell proliferation, as measured by 
P HI-thymidine incorporation, " 'as obsen 'ed that could be re-
,'ersed by pretreatment with the GSH precursor and antioxidant 
N.acetylcysteine (NAC). Cell cycle analysis on cells isolated 16 h 
arter treatment indicated an increase in the percentage (ranging 
from 75-30% for benzyl isothiocyan&te und Iywpene, respecth'ely) 
of cells at G2IM arrest wmpared to control treatments (dimethyl· 
sulfoxide) in response to phytochemicul concentrations that oxi· 
dized the GSH pool. Pretrelltment for 6 h with N' acetylcysteine 
(NAC) resulted in a partial re,'ersal of the Gzn.-t arrest. As ex· 
pected, the GSH oxidation from these phytochemical treatments 
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"'us reversible b)' NAC. That both cell proliferation and G2IM ar· 
rest were also reversed by NAC leads to the w nclusion that these 
phytochemical effects are also mediated, in part, by intracellular 
oxidation. Thus, one potential mechanism for cancer pre,'ention by 
dietary phytochemicals is inhibition of the growth of cancer cells 
through modulation of their intracellular redox em'ironment. 
INTRODUCTION 
Colon cancer is the third lead ing cause of cancer in men 
and women. According to American Cancer Society estimates, 
108,000 new cases of colon cancer will be diagnosed, with 
50,000 deaths in 2008. Colon cancer has a long latency period 
preceding malig nancy; therefore, One approach to control colon 
cancer is chemopreventive intervention (1.2), Dietary phytD-
chemicals are a promising group of chemopreventive agents 
because of their low toxicity and th~ i r health benefits associated 
with other chronic diseases (3), Previous research showed thilt 
the use of dietary phytochemicals as cancer chemopreventi ve 
agents to block or slow the onset of premalignant tumors such as 
colon carcinomas has been widely accepted (4). Furthennore, 
research studies have shown dietary phytochemicals to induce 
apoptosis. decrcase cell proliferation, and induce cell cycle 
arrest. 
The ability of chemopreventive or chemotherapeutic agents 
to suppress the growth of cancer cells is also associated with 
blocking the cell cycle progression at G2IM checkpoint (5). 
Cell cyclc check points and apoptosis play critical roles in the 
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molecular pathogenesis of cancer and can influence the oulcome 
of chemotherapy and radiotherapy (6). For example, Shen and 
colleagues (7) reported that sulforaphanc, an isothiocyanale 
found in broccoli, inhibits ccll growth and serum-stimulated 
reinitiation of cell cycle in serum-deprived HT-29 cells. 
Therefore, induclion of cell cycle arrest and apoptosis by 
chemopreventive agents could be an effective approach 10 
check uncontrolled cell prol iferation and survival in tumor 
cells (2). Because carc inogenesis is a complex process, findi ng 
effective therapies often relics on new discoveries about the un-
derlying cell ular mechanisms (8). Therefore, researchers have 
focused attention on understanding the mechanisms in which 
dietary phytochemicals prevent the prol iferation of cancer cells. 
Previously, we have shown that a common effect of dietary 
phylochemieals investigated is to oxidize the intracellular glu-
tathione (GSH) pool (9). GSH, which is primarily in its reduced 
form within the cell, plays a key role in cellular resistance 
against oxidative damage (9) and has been assoc iated with 
regulation of cell proliferation (8, 10, II). Therefore, the objec-
tive of this study was to evaluate whether changes in the GS H 
redox potential in response to select dietary phytochemicals 
was related to their induction of cell cycle arres t. 
MATERIALS AN D METHODS 
Cell Culture and Reagents 
Human adenocarcinoma colon cells (HT29) were pur-
chased from American Type Culture Collection (Manassas, VA) 
and cultured under recommended conditions in McCoy's SA 
medium (Sigma-Aldrich Chemical Co., St. Louis, MO) supple-
mented with 10% fetal bovine serum (FBS; Invitogen, Carlsbad, 
CAl at 3TC in 5% C02. Allyl disulfide (ADS ), benzyl isothio-
cyanate (BIT), buthione sulfoxamine (BSO), dimethyl fumarate 
(DMF), Iycopene (LYC), N-acetylcysteine (NAC), and sodi um 
butyrate (NaB ) were purchased from Sigma-Aldrich. 
Cell Proliferation 
HT29 cells were plated at 2.5, 5, and 10 x 104 cel ls per well in 
96-well plates. After cell altachment, the concentration of FBS 
in the medium was gradually reduced from 10% to 5%, 1%, 
and 0%, with 24 h at each concentration, and then replaced with 
medium containing 10% FBS to stimulate proliferation 6 h prior 
to phytochemical exposure. As indicated in Fig. I, FACS anal-
ysis of cells deprived of serum showed distribution within the 
cell cycle at GO/G I: 86 ± 3%; S: 11 ± 2%; and G2IM: :; ± 1%. 
Six hours after addition of 10% FBS, thesc proportions shifted 
to an average distribution of GO/G I: 59 ± 3%; S: 26 ± 2%; 
and G21M 15 ± I %. Cells were treated wi th [dimethylsulfoxide 
(DMSO), 0.2%) as controls or with one of the phytochem icals 
ADS, BIT, BSO, DMF, LYC, NaB, and NAC. Except for NAC 
and NaB, phytochemicals werc dissolved in DMSO as x 500 
stock solutions then added to cell culture medium such that 
DMSO concentrations were 0.2% of culture volume. NAC and 
NaB were also added from x500 stock but dissolved in medium. 
After 16 h of phytochemical treatment, [3HJ-thymid ine (2llCi in 
10 II I medium) was added to each of the 96 wells: and after 6 h. 
ce11s were harvested (Skatron Cell Harvester, Sterling VA) onto 
fillers, and the radioactivity incorporaled inlO DNA, determi ned 
by scintillation counting, was taken as a relative measure or 
cell proliferat ion and expressed as percent of control. Aliquots 
of treated ce lls were tested for cell viability determined as the 
percentage of ce11s that excluded 0.2% (wt/vol) trypan blue. 
Following exposure to phytochemical s, there was no difference 
in viabil ity (>90%) between treated cell s and controls. 
Analysis of eSH and esse and Redox Potential 
Calculation 
HT29 cells were seeded in 6-well plates and grown to 70% 
confluency. Following phytoc hemical treatment, medium was 
aspirated and 300 J1. 1 of 10% pcrchloric acid (4°C) added. Thiols 
were dcrivatized with iodoacetic acid and treated with dansyl 
chloride for fluorescence detection following HPLC separation. 
From the stoichiometry for OSSO + 2e - == 2H+ 2GSH, Eh 
values were calculated from the Nemst equation 9: 
which is: 
Eh = ~240 mY + 30 (log([OSSG)/[ GSH f) 
Cell Cycle Analysis 
HT29 cells were seeded in 6-well plates in McCoy's SA 
medium supplemented with 10% FBS and grown to 70% 
confluency and then depri ved of serum as described above. 
Following serulT! stim ulation, cells were treated with or without 
N-acetylcystcine (NAC) for 6 h. Following NAC pretreatment, 
cells were treated for 16 h with DMSO (control), BSO (positive 
control), BIT, NaB , DADS, DMF, orLYC. Cells were harvested, 
medium removed by centrifugation and washed with phosphate 
buffered saline, and then fixed in 70% ethanol and stored at 
4°C overnight. The ethanol was aspirated prior to staining 
with propidium iodide solution (30 mi n incubation, 4°C). Flow 
cytometry analysis was performed for cell cycle analysis on the 
treated and control ce lls using a Becton Dickinson FACS (San 
Jose, CAl caliber and data analyzed using ModFit LT software 
(San Jose, CA). 
Statisti cal Analysis 
Tests for statisticall y significant differences (P ::: 0.05) 
were performed by analysis of variance and Dunnett 's multiple 
range tests, with all treatments compared to control values or 
Newman-Keul's test for individual comparisons between treat-
ments (Graph pad Software, Inc., San Diego, CAl. Data are given 
as mean ± SEM for 3 10 5 separate experiments. 
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FIG. I . Effect of serum deprivation and ree.lposure 10 FRS on cell ')'t1c distribution. Phytochemkal (lemments were performed on cells gradual ly deprived 
of FBS and then sel\lm stimulated prk:ll- to phylochemical l~lment. Cell distribution by FACS 311l11ysis under conditions of deprivation and serum stimulat ion 
are shown in the upper paneL lbe percentage of cells at different cdl cycle phases under these growth conditions is indicated in the bouom parlet. Significant 
difference from control (conHuenl. 0% FBS) is indicated as ••• P < 0.001. 
RESULTS 
Cell Proliferation Decrease by Phytochemicals and 
Reversal by N·acetylqsteine 
To determine equipotent concentrations for the inhibition of 
cell proliferation, HT29 cells were treated for 16 h with a range 
of concentrations of each phytochemical. As indicated in Fig. 
2, there was a linear decrease in f3H]-thym idine incorporation 
in response to increasing phytochemical concentrations. As in-
dicated on the figure, treatments rcsuhing in a 50% decrease 
in proliferation (ED5(}) ranged from 0.4 p.M for LYC 10 1.280 
J.lM for NaB. These decreases in celt proliferation were read-
il y reversed in a dose-dependent manner by pretreatment with 
NAC (1- 5 mM , 8 h) for ADS, BIT, and DMF but not for LYC 
or NaB (Fig. 3). Similarly, treatments with BSO. an inhibitor 
ofGSH sy nthesis, decreased cel l proliferation. The effect of SO 
p. M BSO was reversed by subsequent treatment with NAC in a 
concentration-dependent manner (Fig. 4). However, cell prolif-
eration decreases in response to lower concentrations of BSO 
were not affected by NAC treatment. 
Redox Potential Oxidation in Response to Phytochemicals 
To determine the relative effect of phytochemical treatment 
on glutathione oxidation. cells were treated as described, har-
vested in perchloric acid, and analY7.ed by HPLC. Measure-
ments ofGS H and GSSG concentrations and calculations of Eh 
(8) indicated that in response to phytochem ical treatments at 
concentrations within onefold to twofold of the ED5(}, the GSH 
redox potential was oxidized 10-20% except for LYC (Fig. 5). 
These oxidations represent approxi mately a 10-fold to 20-fold 
sh ift in the ratio of ox idized to reduced GS H and occurred within 
the fi rst 2 h oftrcatment ; they were sustained through 16 h (Fig, 
5, other time points not shown) before equilibrating back to the 
normal Eh of -240 mV with in 24 h of treatment. 
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FIG. 2. Inhibitory effects of phytochemical treatments 00 HT29 cell proliferation as measured by [) H]-thymidine incorporution. Insert table indicatcs ED~ 
as estiJTl3tcd from linear regression of phytochemical concentrations vcrsus radiolabe l incorporation compared to controltreatmcnts. BIT. benzyl iSOIh.iocyanate: 
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FIG. 3. N·acety lcy§leine revcrsal of redox-mediated decreases in cell prolifml.lion mediated by ADS, BIT. DMF. LYC. and NaB. Cells were pretreated with 
NAC at conccnlfatiooS ofO. I mM. 2.5 mM. and 5 mM prior 10 phytochemical treatments. Significant dilTcrellCe from control is indicated as 1P < 0.05: significant 
difference from treated in response to NAC reversal: ••• P <: 0.001. 
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FIG. 4. N-AcclylcysteillC (NAC) rel'ersill ofredox-mediatcd decreases in cell 
prolifcr.lI.ion mediated by bulhioninc sulfoximine. Cells " 'ere pretreated with 
NAC al ooncemrol ions ofO. I mM, 2.5 m.~. and 5 mM prior 10 oxidative treat -
menu. Significant difference from control is indicated as tP < 0.05; significant 
dilTeren~ from treated in response to NAC reversal : ' P < 0 .05. 
Cell Cycle Arrest and Reve rsal by N-Acetylcysteine 
To evaluate whether changes in glutathione redox potential 
were associated with cell cycle arrest, flow cytometry analysis 
was pcrfonned on cells isolated after 16 h of BSO or phytochem-
ical treatment (BIT, NaB, DADS, DM F. or LYe). From the cell 
cycle frequency distribution. treatment of HT29 cells with ben-
zyl isoth iocyanate or sodi um butyrate resulted in induct ion of 
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FtG. 5. PbylOchemical effects on GSH redox potential o f HT29 cells after 
t6-h exposure. Allyl disulfide. benzyl iSOlhiocyanate. dimethyl furnamte and 
$Odium butyrate treatments resulted in significant oxidat ions of GSH redox 
potential compared to controt . LYC. lycopene. 
with no sign itkunl affect on G I or S when (om pared 10 control 
trealments (DMSQ, 0.2% or medium alone). Pn:lrcatmcn\ with 
the amioxidant. N-accty1cyslcinc. rcsulll.'d in a parlial reversal 
of Ihe increased dist ribut ion of cd Is al the G2IM phase of the 
cd l cycle (Fig . 6). Treatments with the dietary phytochcmicals 
diallyl disulfide. dimethyl fumarate. and Iyeopenc did not in-
duce cell cycle arrest at any phase or the cell cycle (Jata not 
shown) . 
DISCUSSION 
Cancer is a multistep disease that may take years to progress 
from (.;ancer in itiation to metastasis (12). As a consequence, 
there are mUltiple steps at which cancer prevention may block 
the neoplastic progression. Recogniti on of diet as a primary 
causative fac tor for cancer risk has directed much resean;h at-
tention toward the chemical compounds present in foods. A 
major preventive role of certain cancers has also been found for 
dietary phytochemicals (13, 14). Proposed mechanisms of can-
cer chemoprevention include inhibition of cell growth, in itiat ion 
of cell cycle arrest. and induction of apoptosis. The phytochem-
icals tested in this study decreased ccll proliferation of HT29 
cells. with benzy l isolhiocyanate and sodi um butyrate inducing 
G21M cell cycle arrest. These results arc simi lar 10 findings of 
Zhang and colleagues ( 15) in Capan-2 human pancreatic cancer 
cells treatl.'d with vurying conce ntrations of BIT for 24 h. This 
resulted in increased accumulation of the cells in G2IM phusc 
that was readily reversed by pretreatment with N-acetylcystcine 
(15). Lung carc inoma cells in response todiallyl d isulfide had an 
increase in cells at G2IM arrest and cells undergoi ng apoPlOsis; 
both of these effects were reversed by pretreatment with NAC 
(16). The results from these stud ies and ours in colon cells in 
which a reversal of the effects on cel l growth. using aglutathione 
precursor. combined wi th our demonstration of the oxidation of 
GS H to GSSG in response to the phytochemicals, indicates that 
a shift in the intracellular glutathione redox couple is a possible 
signaling mechanism involved in cell cycle arrest. 
Organosulfur compounds reported to protect against cancer 
(17) occur as glucosinolates in a variety of cruciferous veg-
etables. !sothiocyanctes. such as BIT, arc phytochemicals found 
in broccoli. cabbage. watercress. and cau liflower. These isothio-
cyanates. synt hesi7.ed and stored in plant cell s as glucosinolates, 
are released when plant cells arc injurcd ( 18) during the pro-
cess of crushing and chewing (7). II has been proposed that BIT 
inh ibits tumor developmenl by suppressing the harmful effects 
of oxidative stress ( 19). Additionally, isothiocyanatcs arc potent 
inducers of NAD(P)H:quinine ox idoreductase and glutathione 
S-tr:lOsfemse activity. enzymes that red uce the carcinogenic-
ity of a variety of environmental chcmicals (8,17,20.2 1). Thus. 
isoth iocyanatcs may prcvent both the initiation phase of the car-
cinogenesis process as well as inhibit the promotion phase by 
inducing cell cyc le arrest in cancer cell s ( 13, 15). 
Sodium butyratc is a short chain fally add that is produced by 
bacterial fermentation of dietary fiber. In a recent study, butyrate 
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(50 11M. positive COIlU'OI) alld the dieuu)' phytochemicals: (b) BIT (Z.'i JIM). and (c) NaB (5 mM) III concenw.uiOils known to cause o)l.idaiion ortlle GSH:GSSG 
pool. Results indiClUc no substantial cJmnge in proportion of ce lls in Gl or S·phasoe ofthc cell cycle. Pretreatment with N·acetykystcinc did cause a slight increil.~ 
in proponion of cells in GI in response to BSO. BIT. and NaB and a slight decrease in cells in S·p/ulse compan:d to BSO. BIT, or NaB alone (no effects were 
si&nilicanlly diffen:nt from control, arbilr.Uily set al 100%). HoIwver. the greater tMll twofOld incre3SC: in numbcrofcclls in G2fM in response to BIT was almost 
completely reversed by pretreallllCnl with NAC. and the tworold increase in cells in GUM in respcIIl$e 10 NaB was similarly re\"ersed by NAC prctreaIrnent .• P < 
O.OS; •• P < 0.01. NAC ueatmenl alone had nocffect 00 the phase distribution of cells similar IOdllla in Fig. 2. 
lrealmenl of human colon cancer cells, LS 174T.---inhibited cell 
proliferation in a dosc-depcndent manner and promoted cell 
cycle arresl (22). NaB treatment of SAS longue cancer cells. at 
low concentrations (2-8 mM), induced GOIGI arrest. whereas 
highcr concentrations (8-24 mM) led to G2IM arrest (23). 
Cell cycle checkpoints are critical in molecular pathogene· 
sis and may influence the effectiveness of cancer chemotherapy 
(24). Moreover, cancer progression has been suggested to in-
volve the loss of cell cyclc checkpoint controls thaI regulate 
the passage through the cell cycle (25). The findings in the 
present study indicate that the distribution of cells at phases of 
the cell cycle were influenced by intraceUular m:idMinn it can 
also be concluded from these results that iDhibitioa 0( cancer 
cell growth by modulation of the intracellular redox environ-
ment is a potential ·mechanism-for cancer prcvention-by·dietary 
phytochemica1s. 
Previous studies have indicated that the increase in GYM 
cell cycle arrest in the HTl9 cells may be due to modulation 
of p21 and p27 protein expression. The p21 protein is a cyclin-
dependent kinase (CDK) inhibitor. which is responsible for in-
hibiting CDK I and inducing G2IJ\.1 phase arrest (26). A study 
conducted by Takagaki et al. (27) indicated that treatment with 
apigenin of HT-29 and MG63 human oSleosarcoma cell lines 
(both having mutated. nonfunctionaJ p53) led to G2/M phase 
arrest and a rapid induction of p21 wAFI in a p53-independenl 
manner. Thus, the p53 point mutation in HT29 cells doesn ' t 
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prevent treatments from elevating p2 1 expression and slowing 
cell proliferation From our data. HT29 cells, in the absence 
of growth factors contained in serum, still arrest at GO/GJ, in-
dicating that there are additional mechanisms to p53 that are 
involved in thi s arrest. Upon serum stimulation, a portion of 
cells reenler the cell cyele, which can be slowed by phytochem-
icallreatments. Recent studies have shown HT29 cells to arrest 
at G I (28) and G liS (29), this latter effect possibly involving 
AP-l activation, which is known to be affected by oxidative 
stress. 
The results from this study confirmed that ox idative changes 
in glutathione redox potential were associated with cell cycle 
arrest in response to all of the phytochemicals except Iycopene. 
Although lycopcne did slow HT29 cell proliferation. this effect 
was not reversed by NAC, nor was there a significant oxidation 
of GSH:GSSG or effect on distribution of cells at G21M ar-
rest. This indicates that although glutathione redox regulation is 
involved in the effects of some phytochemicals on cell prolifer-
ation, lycopene appears to work through a different mechanism. 
NaB treatment resulted in decreased cell proliferation that was 
not readily reversed by NAC; however, NaB did oxidize the 
GSH redox couple, and its effect of an increase in cells ar-
rested at G2IM was reversed by NAC pretreatment. Thus the 
relationship between phytochemical treatment, cell prol ifera-
tion. cell cycle regulation, and glutathione redox potential is not 
consistent wilh all phytochemicals involved in slowing of cell 
proliferation. The strongest evidence for such a regulatory role 
for glutathione in cell cycle progression and cell proliferation is 
indicated by allyl disulfide, benzyl isothiocyanate, and dimethyl 
fumarate. All three of these phytochemicals shift the intracel-
lular equilibrium from reduced to oxidized glutathione, slow 
HT29 cell proliferation, and increase the proportion of cells at 
the G21M phase of the cell cycle. Both of these latter effects 
were readily reversed by NAC in a dose-dependent manner. An 
increased understand ing of this relationship between GSH and 
cancer cell proliferation may provide valuable insight into the 
mechanisms of dietary phytochemicals in cancer prevention. 
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